The Integrated Hypersonic Aeromechanics Tool (IHAT) System is a multi-disciplinary optimization (MDO) engineering analysis computer code used in the research and development arena, focused on the analysis and optimization of hypersonic tactical missiles. The IHAT System has elements (Modules) that model the major subsystems of the missile. The Modules include Geometry, Aerodynamics, Propulsion, Trajectory, Thermal Analysis, Structural Analysis, Stability & Control, Lethality, Sensors, and Cost. This paper addresses one element of the IHAT system -the Propulsion Module. This Module will be described and results will be presented from an air-launched missile example used in verification of the code. The Propulsion Module provides the propulsion subsystem data associated with the overall vehicle. This data includes the thrust coefficient, propulsion-related aerodynamic forces, and pressure margin as a function of Mach number, angle of attack and equivalence ratio. The IHAT System is being developed by a government/industry team using multiple, incremental builds. This paper describes the Propulsion Module through the second build (Build 2) of the IHAT System.
INTRODUCTION
The Integrated Hypersonic Aeromechanics Tool (IHAT) System is a multi-disciplinary optimization (MDO) engineering analysis tool used in the research and development arena, focused on the analysis and optimization of high-speed tactical missiles with relatively long range. Hypersonic vehicles share a commonality of being highly integrated systems. Traditional "stovepipe" design methods have not been successful in defining a viable configuration for this type of mission due in part to the highly integrated nature of the vehicle configurations. An integrated approach to design, analysis, and optimization allows parameters from a multiple of disciplines to interact with one another. Understanding and exploiting these interactions could assist in the development of viable hypersonic vehicles. Thus, integrated analysis is favored over traditional independent divisions of analysis efforts between engineering disciplines such as aerodynamics, structures, thermal, etc.
The IHAT system's primary purpose is analysis and optimization of a defined missile configuration. The parameters that can be varied during optimization include not only disciplinary design variables such as 2 skin gauges, thermal protection system (TPS) distribution, and trajectory parameters, but also configuration geometry variables such as length, body diameter, fin planform, cross section, etc.
The purpose of the system-level optimization is to modify the values of "global" design variables to improve the overall performance of the System. Each disciplinary Module will be responsible for optimizing with respect to "local" design variables that do not strongly influence other disciplines (e.g., the Trajectory Module will determine the optimal flight trajectory, the Thermal Module will optimize TPS thickness, and the Structural Module will optimize skin gauges, etc.). The nature of system-level analysis produces a situation where all Modules depend upon one another (e.g., the Structural Module utilizes aerodynamic loads, temperatures, propulsion pressures, and geometry description, the Trajectory Module utilizes propulsion thrust data).
The execution of the IHAT system is shown graphically in Figure 1 , as a design structure matrix. In this figure, the IHAT analysis Modules are shown on the diagonal of a matrix in their execution order (Geometry is first, Cost Index is last). The data generated by a Module is shown on the Module's row of the matrix (with the exception of the far left column, which is input by the user or the optimization system). The data that a Module needs from the IHAT system is shown in the Module's column of the matrix. This is an excellent tool for visualizing the overall process, as "feedforward" interactions are shown in the upper right triangle of the matrix, and "feedback" interactions are shown in the lower left. This helps make Module execution order decisions, as the desire is to minimize feedback interactions, which must be handled through iteration. Note that the IHAT system is far too complex to display in a single figure, so Figure 1 only shows the most significant interactions between Modules. A system-level optimization layer is then added around the entire multidisciplinary analysis system. The Integration and User Interface Module are not shown in Figure 1 . These two Modules provide data and control the IHAT process. 
IHAT MODULES OVERVIEW
There are ten main modules which make up the IHAT system.
The IHAT Geometry Module is responsible for maintaining a geometric model of the configuration being analyzed, and for updating that model as systemlevel design variables are being changed.
The IHAT Aerodynamics Module computes the aerodynamic performance of the vehicle over the expected flight envelope using a variable-fidelity approach to aerodynamic analysis. This includes options ranging from simple surface-inclination methods based on the Supersonic/Hypersonic Arbitrary Body Program (S/HABP 2 ) to complete simulation of the Navier-Stokes Equations using the widely available GASP 3 and OVERFLOW 4 codes. Implementation of a WIND 5 capability is also underway.
The Aerodynamics Module outputs a database of aerodynamic coefficients as a function of flight conditions and control surface deflection. A mixed fidelity option is available to reduce computer time. This approach uses the full Navier-Stokes code to bias the low fidelity solution. This results in a good compromise between accuracy and solution time. For each of these options, constraints can be applied to the trajectory, including maximum dynamic pressure, altitude limits, acceleration limits, and terminal conditions (velocity, impact angle, etc.). The control variables used to optimize the trajectory include equivalence ratio, angle of attack, and pressure margin.
The IHAT Thermal Module computes the external aerodynamic and propulsion heating environment, and simulates the thermal response of the vehicle and its insulation system. Based on the resulting temperature distributions (and a comparison with the temperature allowables), the insulation thickness is updated to get the thinnest possible insulation to satisfy temperature limits. This Module offers three different fidelity levels. The lowest fidelity option is based on the MINVER/EXITS codes 7 . For a higher fidelity 1-D analysis, the Aeroheating and Thermal Analysis Code (ATAC 8 ) is used. In each of these options, the thermal analysis is limited to a 1-D analysis through the thickness of the insulation and structural skin. In certain types of vehicles, 3-D effects can be significant. In order to address these effects, a high-fidelity thermal analysis based on the SINDA code 9 is also available. The output of the Thermal Module is a database containing the thermal response (temperature vs. time) for each element in the finite element model, along with a description of the insulation requirements (external and internal) over the entire vehicle.
The IHAT Structural Module 10 is responsible for determining the structural sizing (e.g., skin thicknesses, etc.) required for the vehicle to have sufficient strength to withstand the load conditions imposed during operation. This is a complex effort, and involves loads analysis, structural dynamics, aeroelasticity, and structural optimization. Loads analysis is the first task performed by the Structural Module. This includes analysis of the aerodynamic, inertia, and external reaction loads imposed under load conditions including free flight, captive carriage and ejection (for airlaunched weapons), and ground launch (for surfacelaunched weapons).
This typically involves the analysis of numerous (hundreds) of load conditions. In order to perform the structural optimization, a smaller 4 set of critical load conditions are selected. Structural dynamic and aeroelastic analysis is also performed by the Structural Module, and an assessment of the vehicle's natural frequencies and aeroelastic stability is performed. Finally, the critical loads and (if applicable) structural dynamic/aeroelastic constraints are used in a structural sizing optimization. In this run, the minimum weight structure is determined, subject to strength and structural dynamic constraints. This is the main output of the Structural Module.
The IHAT Stability and Control Module is used to ensure that the configuration under consideration has sufficient control authority to perform the required maneuvers, and that an autopilot can be designed to give acceptable closed-loop performance. This analysis is performed at multiple user-specified flight conditions. For each condition, a simple three-loop autopilot is designed based on the target closed loop time constant and damping ratio. Both skid-to-turn and bank-to-turn autopilot designs are supported. Once the autopilot design is complete, frequency and time domain simulations are performed. Results of the Stability and Control Module include data for user interpretation (Bode plots, time histories, etc.), as well as some information that can be used in automatic optimization, such as gain margin, phase margin, and total control authority.
The IHAT Sensors Module has two main functions. Most obviously, it provides the basic functionality to simulate simple weapon system sensors (currently limited to GPS/INS). This includes the effect of the thermal environment at the GPS antenna, and the insulating dielectric window protecting the antenna from the extreme aeroheating environment. This Module also includes a Kalman Filter that simulates the vehicle's flight over the flight path defined by the Trajectory Module, using simulated GPS/INS measurements with measurement noise estimates based on the quality of the sensor equipment, the thermal environment, and the window thickness. This results in estimates of uncertainty in the vehicle's position, velocity, flight path angle, etc. as functions of time. This uncertainty information is critical, as it can be used to estimate missile accuracy when the target is specified as a fixed point in space. This accuracy is expressed in terms of a covariance matrix, including such terms as downrange error, crossrange error, elevation error, velocity error, and flight path angle error vs. flight time.
The IHAT Lethality Module is crucial for computing system-level optimization objectives. In its simplest form, this Module computes the probability of kill (P K ) for the given vehicle against a given target. In order to allow the IHAT system to remain unclassified, this is implemented through a table lookup procedure, where a tabular database of P K is used. It is a function of various missile parameters, including warhead weight, warhead geometry (in terms of l/d ratio), warhead composition (charge-to-metal ratio), impact angle, impact velocity, burst elevation, and downrange/crossrange errors. This simple capability described above makes it possible to compute the effectiveness of the current design against a single target (e.g., maximize P K subject to target position and missile weight and volume constraints, etc.).
The IHAT Cost Index Module estimates relative weapon costs using a parametric cost model based on historical data. This model is implemented in a spreadsheet format, and takes as input the weights, dimensions, and material compositions of various vehicle components. The output of the Module is a cost index, which is intended to be used as a "more vs. less" indication of the relative cost of different concepts. It is not intended to be a quantitative measure of how many dollars a given system will cost.
The IHAT User Interface Module is the user's view into the system, and is where the user defines in detail the problem to solve, the design variables and their initial values and ranges, the trajectory requirements, material selection, etc. Once the IHAT job is complete (and to some extent, while it is running), the User Interface Module is used to post-process the results. This includes tabular results such as design variable, objective, and constraint values, as well as X-Y plot results such as weight vs. iteration, trajectory time histories, bending moment vs. axial station for each load case, etc.
The User Interface Module is implemented in the Java programming language to make it portable to the various platforms on which IHAT may be executed.
PROPULSION MODULE DESCRIPTION
The Propulsion Module 11 provides the propulsion subsystem data associated with the overall vehicle. The data includes the thrust coefficient and pressure margin as a function of Mach number, angle of attack and altitude. The Module also predicts the propulsionrelated aerodynamic forces when applicable. The Propulsion Module obtains engine configuration data from the IHAT Geometry Module. The Aerodynamics Module provides local flow field conditions when required for inlet performance analysis. A layout of the IHAT Build 2 Propulsion Module with its major components is shown graphically in Figure 2 . The Propulsion Module is made up of several off-the-shelf propulsion analysis programs. A brief description of each of these programs follows. The PERFORM code can only analyze subsonic combustion ramjet engines. This code solves the one dimensional conservation equations to determine the Rayleigh losses, burner drag pressure losses and the dump pressure losses. The Propellant Evaluation Program (PEP) 13 is used to determine the equilibrium chemistry, molecular weight, combustion temperature, and process gamma.
The inlet performance can be input as a table or calculated be the Navy Inlet Design and Analysis Code (NIDA). The PERFORM code has been shown to accurately predict inlet margin.
RJPA (Ramjet Propulsion Analysis)
The Ramjet Performance Analysis code was developed at the Johns Hopkins University Applied Physics Laboratory over the last 40 years 14 . This code uses an integral approach to solve the one-dimensional conservation equations and the Propellant Evaluation Program (PEP) to determine the equilibrium chemistry, molecular weight, combustion temperature, and process gamma. The RJPA code can be used for both subsonic and supersonic combustion engines.
The inlet efficiency can be input through the user interface or calculated with the NIDA Code. 
NIDA (Navy Inlet Design and Analysis Code)
The Navy Inlet Design and Analysis Code was developed by the United Aircraft Research Laboratory for the Navy Air Warfare Center Weapons Division as a design and analysis tool for two-dimensional and axisymmetric isolated inlets 15 . The NIDA code will design an inlet for a specific Mach number and altitude, then analyze that design over a range of Mach numbers, angles of attack, and yaw angles. Inputs to the NIDA code include the design conditions, inlet type, compression angles, capture width for two dimensional inlets, throat configuration, and diffuser configuration. Outputs include the inlet design, pressure recovery and capture area ratio as a function of Mach number, supersonic and subsonic spillage drag, diffuser performance, and turn and dump losses. The NIDA code uses a method of characteristics approach to solve the external compression flow field, the onedimensional conservation equations, and empirical data to arrive at the internal inlet performance. The NIDA code calculates the performance assuming and isolated inlet. To obtain the installed inlet performance, the IHAT Propulsion Module can be directed to determine the local inlet flow conditions as calculated by the Aerodynamics Module. This data is then fed into the NIDA program as if it were the free stream conditions.
SPP (Solid Propellant Rocket Motor Performance Computer Program) The Solid Propellant Rocket Motor Performance Prediction Computer Program (SPP)
16 is used for booster motor sizing and performance prediction. The SPP is the product of a series of developments beginning with its 1974 release. The SPP program is made up of several modules, which include the master control module (MCM), a one-dimensional equilibrium module (ODE), a one-dimensional kinetics module (ODK), a grain design and ballistics module (GDB), a stability performance module (SSP-1d), a twodimensional two phase flow module (TD2P), a boundary layer module (BLM), and a post processing module. IHAT Build 2 only uses the GDB module to predict the performance of a given grain design. IHAT Build 3 and future builds will use additional SPP modules to enhance the solid rocket analysis capability.
SRGULL The program SRGULL
17 is a ramjet/scramjet cycle analysis computer code from NASA Langley Research Center, Hampton, Virginia.
It has a tip-to-tail propulsion prediction capability. The vehicle forebody and inlet geometry can be either two dimensional or axi-symmetric and provisions are included to account for inlet side wall contraction. Three-dimensional effects on inlet performance are approximated through use of input values of additional shock losses and mass spillage. The combustor performance is computed assuming one-dimensional flow, equilibrium chemistry, and the control volume process. Nozzle performance is computed using the same two-dimensional or axisymmetric method of characteristics as used for the inlet analysis.
The SRGULL code was to be implemented in IHAT Build 2 but has been delayed due to robustness of the code in generating the propulsion database. As with the previous version, RJPAv2.0 employs an integral analysis approach to calculate component (inlet, rocket engine, combustor and nozzle, etc.) and system-level performance. Integral analysis focuses on modeling component performance through the use of global components parameters (inlet efficiency, skin friction coefficient, combustion efficiency, etc.). The ability to accurately predict performance relies heavily on the accuracy of these global parameters. Pandolfini, et al., presents a good summary of the integral analysis as compared to higher-order analyses 14 .
RJPAv2.0 uses the C++ 'class' hierarchy structure to organize its various parts. A class, as defined in the C++ programming language, is a user-defined object that includes data representing the object and the functions that are allowed to operate on that data. Following object-oriented design philosophy, all objects are constructed with the goal of separating the interfaces to the object from the implementation of the object. This design approach allows simple models to be used within the objects early in the development process. These models can be replaced with higher fidelity models later without changing the interface to the object. The DCR engine consists of 5 separate components:
• Supersonic inlet -feeds supersonic combustor • Gas Generator inlet -feeds gas generator • Gas generator (ramjet combustor)
Inlet Parameters Two inlet systems are needed for DCR operation. One inlet feeds the subsonic combustor while the other feeds the supersonic combustor. To solve for the flow conditions at the exit plane of either inlet, which is also the inlet's physical throat, the following inputs are needed:
Gas Generator Parameters
Within the DCR engine, the gas generator (GG) represents a subsonic combustor where all of the engine fuel is injected. The total pressure dump loss efficiency is associated with gas generator inlet flow spilling into the larger GG volume.
Skin Friction File Parameter A skin friction file is used to obtain the skin friction coefficient used in the supersonic combustor calculation. This file contains an array of skin friction coefficients for a given array of fuel equivalence ratios.
Supersonic Inlet Flow Angle This parameter is used in the calculation of the supersonic combustor entrance momentum. A value of 0.0 means the inlet flow is axial.
Nozzle Parameters The list of nozzle inputs is shown below:
The nozzle exit type can be set as either area, pressure or Mach number. The nozzle exit value is set with respect to the given type. The remaining input is stream thrust efficiency, which is used in the thrust and specific impulse calculations.
VERIFICATION AND VALIDATION
Multiple levels of verification and validation (V&V) must occur in a system of this nature. These range from routine-level to Module-level to System-Level 20 .
Test Case In order to ensure that development was focused on the requirements of an air-breathing missile, and to provide for eventual system-level validation of the IHAT system, a V&V test case configuration was identified early in the program. The configuration selected was the Advanced Low-Volume Ramjet (ALVRJ). Figure 3 shows the ALVRJ vehicle. 
FUTURE OF THE PROPULSION MODULE
Being in a developmental state, the IHAT system, and thus the Propulsion Module, are undergoing continual improvements, both by providing additional capabilities and improving existing ones. The IHAT tool is currently in its third year of development and presently being readied for the release of Build 3. The Build 3 Propulsion Module will have provisions for analyzing waverider configurations, staged rockets, dual combustion ramjets, as well as straight ramjets and scramjets. The structure of the Build 3 release of the Propulsion Module is shown in Figure 4 .
SUMMARY
The IHAT Propulsion Module as presented in this document is but a small portion of the Integrated Hypersonic Aeromechanics Tool. The IHAT System provides a design, analysis, and optimization tool with extensive capabilities.
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